The influence of the molecular weight of polyacrylic acid (PAA) and polyacrylamide (PAM) as well as of inorganic contaminants on the ZrO 2 surface on the adsorption and electrokinetic properties of the metal oxide/ polyelectrolyte solution interface were studied for ZrO 2 and Fe 2 O 3 solid particles.
INTRODUCTION
Of the many factors influencing the adsorption of polymeric substances on the surface of metal oxides, the most important are the type of polymer involved and the character of the solid surface. In addition, for polyelectrolytes, the dissociation of their functional groups which depends on the pH of the solution may also be meaningful. Macromolecules that bear an electrical charge may interact with the surface of the solid in various ways, resulting in changes in the chain conformation (Fleer et al. 1993) and an increase or decrease in polymer adsorption.
Equally, the type of solid surface, its degree of contamination and the concentration of various surface sites are very important. For example, inorganic ions present as contaminants at the oxide surface block the attachment of polymer segments to a portion of the active sites, thereby lowering the total adsorption. These ions may also influence the electrical properties at the solid/solution interface. The conformation of polymer chains at the interface also depends on the change in concentration with pH of the number and type of oxide surface groups.
The mechanism of polyelectrolyte adsorption on metal oxides is complex due to the influence of many and various factors. The principal effect is the specific conformation of the polymer at the interface, which determines the amount of polymer adsorbed as well as the thickness and structure of the resulting adsorption layer.
The present work was directed towards determining the main factors influencing the conformations and amounts of polyacrylic acid (PAA) and polyacrylamide (PAM) adsorbed on Fe 2 O 3 and ZrO 2 surfaces. It was also shown that an increase in the molecular weight of the polymer and its concentration, as well as the pH value of the solution, influence the thickness and structure of the adsorption layers formed.
A summary and comparison of some other results concerning the adsorption of PAA and PAM on Fe 2 O 3 and ZrO 2 (Chibowski and Krupa 1999, 2000; Chibowski and Wi / sniewska, in press) is also provided.
The polymers PAA and PAM were chosen because they are the basic components of many industrial dispersants and flocculants of colloidal suspensions (Cesarno et al. 1988; Leong et al. 1993 Leong et al. , 1995 Greenwood and Bergström 1997; Hunter 1989) . Both polymers are applied in cosmetic, pharmaceutical and paint production, and also used in agriculture to diminish the erosion of soils and to improve the stability of cultivable land (Pefferkorn 1997; Zhang and Miller 1996) . In addition, the polyelectrolytes studied are used in the purification of industrial and tap water (Csoban and Pefferkorn 1998).
Ferric(III) oxide and zirconium oxide were chosen as solids because their high durability and limited solubility enables measurements to be undertaken over a wide pH range. They also generate well-defined metal oxide/solution interfaces with the two different oxides exhibiting different surface properties. These compounds are also employed in many branches of industry.
EXPERIMENTAL
In the studies reported, Fe 2 O 3 (hematite) as produced by 'Veb Laborchemie Apolda' was employed. Before measurements were undertaken, the oxide was washed with 0.1 M NaOH solution and then with 0.1 M HNO 3 solution, followed by doubly distilled water until the conductivity of the supernatant dropped to a value of 3-4 mS/cm. Its specific surface area as determined by the BET method was 6.75 m 2 /g (Chibowski and Wi / sniewska, in press). The zirconia (ZrO 2 ) employed was produced by Aldrich Chemicals. Before any experiments were carried out, the zirconia was sub-divided into two parts. The first was washed with doubly distilled water until the conductivity of the supernatant dropped to a value of 20-30 mS/cm. This zirconia will be referred to as 'contaminated' below. The second portion of ZrO 2 was washed with 0.1 M NaOH and doubly distilled water until the conductivity of the supernatant was less than 2 mS/cm. This sample is referred to as 'washed' below. The measured specific surface area of the contaminated zirconia, as determined by the BET method, was 32.54 m 2 /g, whereas that of the washed sample was 32.01 m 2 /g (Chibowski and Krupa 2000). The polyacrylic acid (PAA) and polyacrylamide (PAM) used had the following molecular weights, M w : PAA 2000; PAA 240000; PAM 1500; PAM 10000 (all obtained from Aldrich Chemicals) and PAA 170000 (produced by Fluka).
All measurements of the extents of polymer adsorption, the zeta potentials and the surface charges on the oxides were undertaken employing 1 × 10 -2 M aqueous solutions of NaCl at 25ºC. Polymer adsorption over the concentration range 10-200 ppm was studied using a static method as described previously (Chibowski and Krupa 1999, 2000; Chibowski and Wi / sniewska, in press). The extent of adsorption was calculated as the difference between the polymer concentration before and after adsorption had occurred determined via the reaction of PAA and PAM with hyamine, as proposed by Crummett and Hummel (1963) . The turbidity generated after the addition of hyamine to the polymer solutions was measured turbidimetrically at a wavelength of 500 nm using a computerized Specord M42 spectrophotometer in conjunction with M500 software.
Surface charges of both oxides in the absence and presence of polyelectrolyte were determined by potentiometric titration of Fe 2 O 3 (1.0 g) and ZrO 2 (0.5 g) samples in 50 cm 3 of a 1 × 10 -2 M aqueous NaCl solution. Titrations were performed in a thermostatted (25 ± 0.2ºC) Teflon vessel. A Methron Dosimat 665 burette and a Beckman 71 pH meter connected to a computer and a printer were used for the measurements, the surface charge densities being calculated using our MIAR_T program.
The suspension samples, consisting of 0.01 g ZrO 2 (or Fe 2 O 3 ) and 100 ml polymer solution of adjusted pH and concentration, were shaken before zeta measurements were undertaken using a computerized laser Zetasizer 3000 zetameter (Malvern Instruments, UK).
The thicknesses of the adsorption layers of PAA and PAM were determined by viscosity measurements (M'Pandou and Siffert 1987) using a CVO 50 rotation rheometer from Bohlin Instruments employing the following procedure. A series of suspensions containing different volume fractions (f) of Fe 2 O 3 and ZrO 2 were shaken for 24 h, following which their viscosities (h) were measured and compared with the viscosities of the respective solutions. This enabled the dependence h/h 0 to be obtained as a function of f. Similar measurements were undertaken with the same solutions containing added polymer.
RESULTS AND DISCUSSION
We have shown previously (Chibowski and Krupa 1999, 2000; Chibowski and Wi / sniewska, in press ) that the adsorption of polyelectrolytes such as PAA and PAM on the surfaces of oxides (ZrO 2 and Fe 2 O 3 ) is influenced by a number of basic parameters such as the molecular weight of the polymer, the pH of the solution, and the number and type of functional groups present in the macromolecule.
From the data obtained in the present work, it is possible that the pronounced differences observed in the amount of PAA and PAM adsorbed on the oxides studied arose mainly from the different number of surface groups, i.e. -OH + 2 , -O -and -OH, present in the ZrO 2 and Fe 2 O 3 solids studied ( Table 1) . The various studies performed demonstrate a different chemical affinity between specific groups on the oxide surfaces and some functional groups of the polyelectrolytes examined. This may explain the different adsorption behaviours observed for the two polyelectrolytes studied (Table 2) . A comparison of the data listed in Tables 1 and 2 reveals that -OH groups mainly responsible for the bonding of PAA and PAM macromolecules to the surfaces of the oxides studied. The number of these groups, as calculated per unit surface area of the solid, was 2-3-times higher for ZrO 2 than for Fe 2 O 3 over the whole pH range studied. For this reason, one might expect a considerably higher degree of adsorption of both PAA and PAM on ZrO 2 than on Fe 2 O 3 . The -OH groups may interact with the carboxy groups of both polyelectrolytes through hydrogen bridging (Vinogradov and Linnel 1971) . In addition, it should be noted that the number of -OH groups present on the surfaces of both oxides was 10-times greater than that of any other surface group, irrespective of the pH of the solution. This fact and the existence of hydrogen-bridge type interactions explains the adsorption behaviour of the polyelectrolytes studied over the whole pH range examined. Hydrogen-bridge type interactions prevent electrostatic repulsion between negatively charged surface groups and negatively charged macromolecules, a situation which mainly occurs when pH > pH pzc .
Another very important factor that determines the degree of adsorption and the conformation of the adsorbed polymer is the extent of contamination of the solid surface (Chibowski and Krupa 2000) . A comparison of the adsorption isotherms of contaminated and washed zirconia demonstrated that adsorption was much higher on the washed oxide. Some contaminants such as inorganic ions present on the surface of ZrO 2 cause the blockage of some of the active sites (Chibowski and Krupa 1999). These sites are then inaccessible to polymer segments and this leads to a decrease in the extent of polyelectrolyte adsorption. Desorption of such inorganic ions occurs when their energy of interaction with the active sites on the oxide surface is less than the energy of the polymer interaction with these same sites (Chibowski 1985 (Chibowski , 1987 . Usually, however, the extent of adsorption on contaminated surfaces is lower than on washed ones. For this reason, all the studies discussed below were made using washed oxides.
The changes in the surface charge and diffuse layer charge of the ZrO 2 and Fe 2 O 3 solids observed in the systems studied (Figures 1 and 2 ) proved very useful for characterizing the adsorption mechanisms of PAA and PAM on both oxide surfaces. Two effects are mainly responsible for such changes: a shift of the slippage plane away from the surface (M'Pandou and Siffert 1987) and blocking of the active sites on the surface of the oxide (Chibowski et al. 2000) . Both effects arise from conformational changes in the adsorbing macromolecules at the metal oxide/polymer solution interface. The charge on the diffuse layer was calculated on the basis of the Stern model for the electrical double layer using the equation (Wiese et al. 1976 ):
where c is the concentration of the background electrolyte, z is the charge on the counterion and y d is the potential of the diffuse layer. The differences in the values of the surface charge were determined on the basis of potentiometric titrations, the data obtained being presented in Table 3 .
Analyses of the Ds 0 and Ds d values for the PAA-NaCl-ZrO 2 and PAA-NaCl-Fe 2 O 3 systems demonstrate that the shift of the slippage plane away from the surface of the solid was the main factor responsible for the observed changes in the zeta potential. This effect is more pronounced at pH values below pH iep . Above pH iep , the shift of the slippage plane plays only a minor role. In addition, over this particular pH range, blockage of active sites occurs on both oxides as a result of the anionic character of polyacrylic acid. Thus, mutual interaction between the numerous -COO -groups on its chain leads to the development of polymer coils, thereby increasing the blockage of active sites on the solid surface. Such a situation arises mainly in the alkaline pH region. A similar analysis was performed for both the PAM-NaCl-ZrO 2 and PAM-NaCl-Fe 2 O 3 systems. This demonstrated that blockage of active sites dominates at pH values higher than pH iep for low molecular weight polyacrylamide, i.e. PAM 1500, whereas a shift of the slippage plane outwards from the surface occurs at pH < pH iep and plays a more important role for PAM 10000.
In view of the above, additional measurements were undertaken to evaluate the thickness of the PAA and PAM adsorption layer (d) on the surface of ZrO 2 and Fe 2 O 3 . Values of d were determined (M'Pandou and Siffert 1987) from viscosity measurements of ZrO 2 and Fe 2 O 3 suspensions with adsorbed polymer and compared to those for the same suspensions without polymer. An increase in the radius of the solid particle as a result of an adsorbed polymer layer gives a higher volume fraction f for the dispersed solid phase, which may be related to the suspension viscosity via the extended Einstein equation:
where h is the viscosity of the suspension, h 0 is the viscosity of the solution whilst k is the Einstein coefficient which is dependent on the shape and size of particles of the dispersed phase (M'Pandou and Siffert 1987). The relative viscosities of the ZrO 2 and Fe 2 O 3 suspensions as a function of their volume fractions are presented in Figures 3 and 4 . Measurements of d were undertaken at a volume fraction f of zirconia equal to 8.73 × 10 -3 and of hematite equal to 9.54 × 10 -3 at various solution pH values and various molecular weights and concentrations of the polyelectrolytes studied. The data obtained are listed in Table 4. A comparison of the determined adsorption layer thicknesses indicates an increase in d with an increase in the pH value of the solution, increasing molecular weight and increasing concentrations of both polyelectrolytes. The latter two factors lead to increased compression of PAA and PAM chains on the surface of the solid and, as a consequence, a high number and length of loop and tail structures that characterize the macromolecular conformation created at the interface. The increase in d observed with increasing pH of the solution results from the increased charge associated with the adsorbed PAA and PAM chains. These chains not only interact with the negatively charged surface of the solid but also with other adsorbed polymer chains (Biggs and Healy 1994) . This leads to the development of polymer coils that form thicker and more compact adsorption layers on the surfaces of both oxides. An increase in the pH value of the solution favours a structure rich with long loop and tail conformations.
Comparison of the thicknesses of the adsorption layers of both polyelectrolytes on the ZrO 2 and Fe 2 O 3 surfaces demonstrates that the observed values of d were slightly higher for hematite. As mentioned previously, this may be caused by the number of available -OH groups on the adsorbent surface involved in the adsorption of macromolecules. Because the zirconia surface possesses more of these groups, more polymer segments are bound directly to that surface to form train structures. Such a behaviour leads to the formation of a thinner polymer adsorption layer on the ZrO 2 surface.
Because it was not possible to determine experimentally the number and the length of train, loop and tail structures which are responsible for d changes, these values were calculated on the basis of the Scheutjens-Fleer theory Fleer 1979, 1980) . In order to allow such computations, the pH values employed in the studies were adjusted to obtain conditions where electrostatic interaction had only a limited influence on the adsorption process for both polyelectrolytes. In fact, PAA chains possess no measurable charge at pH = 3 (Minczewski and Marczenko 1965) and the overall charge of PAM at pH = 6.5 is equal to zero (Morawetz 1970) . The data thus calculated are listed in Table 5 . The results obtained demonstrate that mainly tails probably cause the increasing thickness of the adsorption layers observed for increasing PAA molecular weights. The calculated number of tailforming segments increases from 3 (for PAA 2000) to 141 (for PAA 240000), whereas the length of the loops merely increases from 2 to 6 segments, respectively. This is why loops play no essential part in determining the thickness of the PAA adsorption layer formed. However, it is not unreasonable to assume that tails, despite their small number per polymer chain (Table 5) , have a vital influence on the value of d, especially when the polymer chains are involved in a compact arrangement on the surface of the oxide.
In contrast, a similar analysis of the data computed for PAM revealed the positive influence of tails and loops on the thickness of the adsorption layer formed in this case.
A comparison of the calculated data for the chain structures and the measured values of the polymer adsorption on the oxide surfaces indicate an important drawback as far as the application of the Scheutjens-Fleer theory is concerned. This relates to the negligible influence assumed for the free energy of adsorption of the polymer segments on the adsorption and structure of the macromolecule at the solid/solution interface. This drawback may, for example, be associated with the structures of the adsorbed polymer layers determined from the Scheutjens-Fleer theory in the present work. Thus, in our calculations, the values of the polymer adsorption energies on the oxide surfaces were calculated from zeta potential and DpH iep measurements (Table 6 ). However, despite the different extents of polymer segment-surface interaction in the two cases studied, the conformation of the polymer chain appears to be the same on both ZrO 2 and Fe 2 O 3 surfaces. This suggests that the application of the theory in the present case neglects the influence of the character of the site on the solid surface on the conformation of the adsorbed polymer chain, which is governed both by the polymer molecular weight and its concentration in the system. The free energy of adsorption, DG 0 sp
, is a parameter which may also be useful for evaluating the mechanism of polymer adsorption on the surface of the solid. This quantity was calculated for PAA and PAM using the following equation (Pradip 1988) :
where DpH iep is the difference between the pH iep values of the oxide in the absence and presence of adsorbed polymer, DG 0 sp is the free energy of polymer adsorption on the solid, C 0 is the concentration of polymer in the system, R is the gas constant and T is the absolute temperature.
The data thus obtained are presented in Table 6 , from which it will be seen that the free energy of adsorption increased with an increase in the molecular weight of both polymers. It is probable that the longer chains contact the surface via a greater number of segments (Table 5) , although it should be noted that longer chains form a greater number of long loops and tails whose presence complicate the adsorption process. For this reason, the observed increase of the energy of adsorption exhibited no linear dependence on the linear dimensions of the adsorbing polymer chains. Furthermore, an increase in the concentration of PAM was accompanied by only a small decrease in the adsorption energy per mole of polymer. This effect may result from the presence of a more compact layer, containing a smaller number of train structures, formed by the longer polymer chains at the interface. In order to obtain a more detailed characterization of the adsorption of PAA and PAM on zirconia and hematite surfaces, use has been made of the number of equivalent monolayers, q, formed. This quantity is equal to the total number of segments of the adsorbing polymer chain divided by the number of segments necessary for the formation of a monolayer. Such q values were calculated from both the experimental data associated with the adsorption isotherms and from an application of the Scheutjens-Fleer theory. In the latter case, it was assumed that a segment of PAA or PAM occupied an area equal to 0.26 nm 2 in the close-packed monolayer (Tadros 1974) . The corresponding results are presented in Table 7 .
An interesting sequence arises from a comparison of the experimental and calculated values of q for the adsorption of PAA and PAM. Thus, the experimental data for ZrO 2 are higher for all molecular weights of both polymers than the corresponding calculated values, whereas this dependency is reversed for Fe 2 O 3 . This demonstrates that the adsorption of the polyelectrolytes studied depended very much on the type of adsorbent employed. Some divergence between the experimental and theoretical data may also arise from the neglect in the assumptions of the Scheutjens-Fleer theory of the different characteristics of the surface sites and the different adsorption mechanisms involved.
Such differences may also arise from the ionic characters of both polyelectrolytes since the electrical charge on the molecule may have a positive influence of the chain conformations assumed by PAA and PAM macromolecules. It should be noted that the Scheutjens-Fleer theory does not take electrostatic interactions into account, and despite the fact that our calculations were undertaken for those conditions where such interactions may be neglected, they may still have had some influence on the adsorption mechanism.
In general, both the theoretical calculations and the experimental data demonstrate that only some of the polymer segments interact directly with the solid surface. The remainder form loops and tails. Such a conformation facilitates the high adsorption of the polymer with more than two monolayers being obtained in the systems studied (Table 7) .
